This study shows that gold salts [(L)AuX] (L = PMe 3 , PPh 3 , JohnPhos, IPr; X = SbF 6 , PF 6 , BF 4 , TfO, Tf 2 N) act as bases in aqueous solutions and can transform acetone to digold acetonyl complexes [(L) 2 Au 2 (CH 2 COCH 3 )] + without any additional base present in solution. The key step is the formation of digold hydroxide complexes [(L) 2 Au 2 (OH)] + . The kinetics of the formation of the digold complexes and their mutual transformation is studied by electrospray ionization mass spectrometry and the delayed reactant labelling method. We show that the formation of digold hydroxide is the essential first step towards the formation of the digold acetonyl complex, the reaction is favoured by more polar solvents, and the effect of counter ions is negligible. DFT calculations suggest that digold hydroxide and digold acetonyl complexes can exist in solution only due to the stabilization by the interaction with two gold atoms. The reaction between the digold hydroxide and acetone proceeds towards the dimer {[(L)Au(OH)]· [(L)Au(CH 3 COCH 3 )] + }. The monomeric units interact at the gold atoms in the perpendicular arrangement typical of the gold clusters bound by the aurophilic interaction. The hydrogen is transferred within the dimer and the reaction continues towards the digold acetonyl complex and water. † Electronic supplementary information (ESI) available: Preparation of reaction mixtures; photodissociation theoretical IR spectra of gold complexes; details of the determination of kinetic isotope effects; data of the delayed reactant labelling experiments; ESI-MS spectra of reaction mixtures and the collision induced dissociation spectra of gold complexes; results of DFT calculations. See
Introduction
Nowadays, homogenous gold catalysis represents a broad research field. [1] [2] [3] [4] [5] Unique properties of gold(I) complexes consist of their strong interactions with multiple bonds [6] [7] [8] [9] and the formation of rather stable, long-lived intermediates with carbon-gold bonds. [10] [11] [12] In addition, the aurophilic interaction makes the formation of complexes with a gold-gold bond favourable which is probably in the background of cooperative effects in gold catalysis. [13] [14] [15] [16] These points make gold(I) catalysis an attractive topic for mechanistic research. [17] [18] [19] [20] Mass spectrometry is a valuable tool in the research of gold(I) complexes, because they are easily detectable by electrospray ionization (ESI). The classical mechanistic tools such as the determination of reaction kinetics by NMR or UV-vis spectroscopy are related to the kinetics of the overall reaction. Mass spectrometry, on the contrary, provides data related directly to the gold-containing intermediates. It can be therefore extremely useful, for example, in answering the questions about the role of monoaurated and diaurated intermediates in a reaction mechanism, the topic of an ongoing discussion. 12, 17, 21, 22 The disadvantage of electrospray ionization mass spectrometry in the research of reactions proceeding in solutions is that the molecules or ions have to be transferred from the reaction mixture to the gas phase. This process can be accompanied by the formation of various ions in the gas phase during the electrospray ionization process. These ions are then not related to the actual reaction mixture and can be misleading in the interpretation of the results. We have developed a method -Delayed Reactant Labellingthat enables us to eliminate these artefacts and moreover to investigate the reaction kinetics of the ESI-MS detected ions in the reaction mixture. 12, 23 Delayed Reactant Labelling consists of relative quantification of the detected signals with respect to their isotopically labelled analogues. Clearly, isotopically labelled intermediates cannot be just added to the reaction mixture, therefore we use a trick of adding an isotopically labelled reactant with a time delay to the reaction mixture. It means that we can observe pairs of the ESI-MS signals for all complexes containing the reactant molecule (i.e. reactant complexes, intermediates, product complexes, products). As the labelled reactant is added with a time delay, the labelled intermediates/products are initially present at a lower concentration. With time, the concentrations of unlabelled and labelled intermediates become equal. The time evolution is linked to the kinetics of their formation and degradation. As the ESI-MS response for isotopically labelled ions/molecules is the same, the whole process can be quantitatively observed by ESI-MS. The ions that are formed in the gas-phase during the electrospray ionization (or in a fast equilibrium in solution) do not show any time evolution of the labelled vs. unlabelled signals and can thus be easily identified.
Here, we will address the formation of gold-acetonyl complexes, compounds that have a C-Au bond and are stable in aqueous solutions. Gold-ketonyl complexes can be prepared from ketones and a gold salt in the presence of a base. 24, 25 These complexes can be then used as precatalysts by releasing the gold complex in the presence of an acid. 23, 26 Gold-ketonyl complexes were also predicted as intermediates in a coupling reaction. 27 We have observed the formation of gold acetonyl complexes even in the absence of a base and could detect the signals of the monogold acetonyl as well as the digold acetonyl complexes. This raises interesting questions about the mechanism of the formation of these complexes and a possible role of the gold-gold cooperative effect in it.
Results

Generation of the digold acetonyl complex [(L) 2 Au 2 (CH 2 COCH 3 )] +
Previous studies reported the preparation of gold(I) acetonyl complexes from an acetone solution of a gold catalyst in the presence of a base. We have detected digold acetonyl complexes by electrospray ionization (ESI) from the solutions containing acetone even without any additional base. Importantly, however, the presence of water in the solution was essential. We note that this reaction is not exclusive for acetone, but other ketones react as well. An example with cyclohexanone can be found in the ESI (Fig. S1 †) .
We set out to determine the mechanism of the formation of the digold acetonyl complexes and the role of water molecules in it. All experiments were done in acetone, water and THF (tetrahydrofuran) or dioxane mixture of solvents (the exact ratios will be given for each experiment). THF and dioxane do not participate in the reaction and were used for making the solutions of gold complexes to which acetone and water were added.
The initial experiments were done with (PMe 3 )Au(SbF 6 ). The electrospray ionization mass spectrum (ESI-MS) of the solution of (PMe 3 )Au(SbF 6 ) in dry acetone and THF shows that the trimethylphosphino gold cation can be coordinated to acetone (m/z 331), THF (m/z 345), or another trimethylphosphine ligand (m/z 349) ( Fig. 1a ). We can also see two digold complexes: [(PMe 3 ) 2 Au 2 OH] + (m/z 563) and [(PMe 3 ) 2 Au 2 Cl] + (m/z 581); the former is a product of a reaction between the gold complex and a trace amount of water; the latter is present due to the chloride residual after the counter ion exchange (see the Experimental details). Addition of water to the solution results in an increase of the ESI-MS signal of [(PMe 3 ) 2 Au 2 OH] + and the appearance of the signal of the digold acetonyl complex [(PMe 3 ) 2 Au 2 (CH 2 COCH 3 )] + (m/z 603) ( Fig. 1b ).
The signal of the digold acetonyl complex can indicate its presence in the solution or it can be due to a neutral monogold acetonyl complex that is tagged by another gold cation during the ESI process. The structure of the detected complex was probed by helium tagging IRPD (infrared photodissociation) spectroscopy ( Fig. 2a ) that provides the infrared spectra of mass-selected ions. 28 The IRPD spectrum of [(PMe 3 ) 2 Au 2 (CH 2 COCH 3 )] + is consistent with the structure in which one (PMe 3 )Au + group replaced a hydrogen atom of a methyl group and the other (PMe 3 )Au + unit is bound to the oxygen atom ( Fig. 2b shows a theoretical IR spectrum of this complex). We can exclude all variants of the complex with the enol form of acetone. Such structures would be characterized by the stretching bands of the single C-O bond expected at about 1200 cm −1 and the CvC double bond expected above 1600 cm −1 (see Fig. S2 in the ESI †). Neither of these signatures is present in the experimental spectrum.
We have also obtained the IRPD spectrum of the complex between acetone and (PMe 3 )Au + (Fig. 2c ). It nicely corresponds to the expected coordination of the gold cation to the carbonyl group ( Fig. 2d shows the corresponding theoretical IR spectrum; Fig. S3 in the ESI † shows the theoretical IR spectrum of the enol form of acetone). The stretching mode of the goldcoordinated carbonyl group is at 1663 cm −1 in the IRPD spectrum of the monogold complex and at 1537 cm −1 in the spectrum of the digold complex. The large red-shift that occurs in the digold complex is a result of a partial electron delocalization between the gold atoms.
Kinetic isotope effect (KIE)
Knowing the structure of the digold acetonyl ions, we wanted to know how these ions are formed. One of the parameters that should be closely related to the reaction mechanism is the kinetic isotope effect for the C-H activation of acetone. We compared the formation of the digold acetonyl complexes from the reaction of [(PMe 3 )AuSbF 6 ] with a 1 : 1 mixture of CH 3 COCH 3 and CD 3 COCD 3 . If the reaction was irreversible, then the KIE should be simply the ratio between the concentrations of [(PMe 3 ) 2 Au 2 (CH 2 COCH 3 )] + and [(PMe 3 ) 2 Au 2 (CD 2 COCD 3 )] + . The ESI-MS response to isotopically labelled compounds is the same; therefore, the concentration ratio is equal to the ratio of the intensities of the corresponding peaks in the ESI-MS spectrum ( Fig. 1c ). 29, 30 For reproducible conditions, we prepared first a solution of the gold complex in THF, then added a given amount of water, and a 1 : 1 mixture of acetone and acetone-d 6 and monitored the final mixture by ESI-MS. We found out that the ratio of the signals of [(PMe 3 ) 2 Au 2 (CH 2 COCH 3 )] + and [(PMe 3 ) 2 Au 2 (CD 2 COCD 3 )] + strongly depended on the water content in the solution and it was changing with time. At the beginning of the experiment the apparent KIE was large (above 10) and it converged to a smaller value in about 1 hour (see Fig. S4 -S11 in the ESI †). The converged KIEs ranged from 3.8 (with 50% addition of water) to 6.2 (with 5% addition of water). We repeated the experiment with D 2 O instead of H 2 O and obtained the same results within the experimental error (see Table 1 and Fig. S12 in the ESI †).
These results suggest that the digold acetonyl complexes are not formed in a simple irreversible reaction, but probably in equilibrium reactions with different species in solution.
Counter ion effect
The formation of gold acetonyl complexes has to be mediated by a basic reactant. Possible basic species in solution are counter ions from the gold complex and hydroxide anions. As described above, we detect [(PMe 3 ) 2 Au 2 OH] + and [(PMe 3 ) 2 Au 2 Cl] + and these ions are in equilibrium with their neutral variants and SbF 6 − (see Scheme 1).
The requirement of the presence of water in solution for the formation of digold acetonyl can mean that the formation 6 6.0 ± 0.3 b 3.3 ± 0.2 b (PMe 3 )AuPF 6 6.9 ± 0.4 3.9 ± 0.3 (PMe 3 )AuOTf 6.2 ± 0.2 3.1 ± 0.3 (PMe 3 )AuNTf 2 6.7 ± 0.7 3.7 ± 0.5 (PPh 3 )AuNTf 2 7.0 ± 0.3 5.9 ± 0.4 (PPh 3 )AuSbF 6 6.8 ± 0.4 6.6 ± 0.2 (JohnPhos)Au(CH 3 CN)SbF 6 5.1 ± 0. of hydroxide is the necessary first step in the reaction mechanism or, alternatively, the polarity of the solvent drives the equilibrium towards the formation of digold acetonyl. In order to test whether the C-H activation is mediated by the hydroxide or the counter ions are involved directly, 31 we investigated the C-H activation reaction of acetone under the same conditions with a series of different [(PMe 3 )AuX] salts. The salts were prepared from [(PMe 3 )AuCl] and the corresponding silver salt AgX (X = SbF 6 , PF 6 , OTf or NTf 2 ). If the C-H activation was mediated by the counter ions, then the rate of the reactions should depend on the counter ion. The coordination ability of the counter ions to the gold cations increases in the order SbF 6
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. 35 We again monitored the time evolution of the [(PMe 3 ) 2 Au 2 (CH 2 COCH 3 )] + and [(PMe 3 ) 2 Au 2 (CD 2 COCD 3 )] + ESI-MS signals from the solutions of different gold salts in THF/acetone/acetone-d 6 and additional 5% or 50% of water ( Fig. S13 -S18 in the ESI †). The differences between the experiments with different gold salts are on the order of the experimental error. The equilibrium KIEs determined at the end of the experiments are also the same within the experimental error (Table 1) . These results point towards the conclusion that the counter ion is not directly involved in the studied reaction.
We note that the role of counter ions can be important indirectly. They can influence the rate of the overall reaction by a possible coordination to the gold complex leading to the deactivation of a part of the catalyst. They can also affect the stability/degradation of the gold complex and thus influence the overall yield of the reaction.
Ligand effect
If the C-H activation of acetone were mediated by (di)gold hydroxide, then the ligand at the gold atom should affect the reaction rate. To probe it, we again determined KIEs for the C-H activation of acetone in the presence of different amounts of waternow in dependence of different [(L)AuSbF 6 ] gold complexes (L = PMe 3 , PPh 3 , JohnPhos = 2-biphenyl(di-tertbutylphosphine)). The ligand has a clear effect on the reaction. With PPh 3 , the effect of the water content is not so significant and the kinetic isotope effect remains in the range of ∼6 even with a large water content (see Table 1 ). The use of the bulky phosphine ligand JohnPhos results in a smaller KIE for the C-H activation of acetone in a mixture with 5% water content. Also, the time evolution of the signals of the unlabelled and labelled digold complexes differs in dependence of the present ligand ( Fig. S13 -S24 †). Hence, we can conclude that the gold complex with its ligand is directly involved in the C-H activation step as well as it influences the final equilibrium in solution.
Next to the phosphine ligands, N-heterocyclic carbene ligands are popular in gold catalysis as well. We have tested the frequently used IPr ligand (IPr = 1,3-bis(2,6-diisopropylphenyl)imidazol-2-ylidene). The experiments had to be performed in solutions with dioxane instead of THF, because the ESI-MS spectra from THF/acetone solutions contained an impurity having the same m/z ratio as the digold acetonyl complexes. Furthermore, we couldn't conduct experiments with [(IPr)Au(SbF 6 )], because AgSbF 6 is insoluble in dioxane. The experiments with other [(IPr)Au(X)] salts (X = BF 4 , OTf, NTf 2 ) show a different trend from that found for the phosphino gold complexes (see Table 1 and Fig. S25 and S26 in the ESI †). In the experiments with a large amount of water (50%), the KIEs are very similar regardless of the counter ion. In contrast, the results obtained in the solutions with only 5% of water differ in dependence of the counter ion. The KIEs increase from about 3.5 to 6.5 in the order of counter ions: We performed the experiments also with the [(IPr) 2 Au 2 OH] BF 4 salt in the absence of water (only in the solution with dioxane and acetone). We have observed the formation of the digold acetonyl complexes and the KIE was 5.5 ± 0.1 (Fig. S27 †) . This value is consistent with the values found for all experiments with [(IPr)Au(X)] and a larger content of water. This suggests that digold hydroxide is the key reactant in the C-H activation of acetone (though in the absence of digold hydroxide, the IPr ligand supports also a pathway, where a counter ion acts as a base).
Formation of gold acetonyl complexes in time
We tested the dependence of the relative abundances of the detected [(PMe 3 ) 2 Au 2 OH] + , [(PMe 3 ) 2 Au 2 Cl] + , and [(PMe 3 ) 2 Au 2 (CH 2 COCH 3 )] + first. In order to eliminate the interference of establishing the equilibrium between [(PMe 3 )AuSbF 6 ], [(PMe 3 ) n Au n Cl] 0/+ and [(PMe 3 ) n Au n OH] 0/+ (n = 1 or 2) we mixed the catalyst in THF and a given amount of water and left it to equilibrate for 15 hours (overnight). Then, we added a 1 : 1 mixture of acetone and acetone-d 6 and monitored the reaction mixture by ESI-MS.
Firstly, we evaluated the signal intensities of the detected digold complexes with respect to each other (Fig. 3) . The results clearly revealed that the concentrations of the digold complexes are mutually dependent. The addition of acetone to the solution of the gold catalyst in THF and water leads to the depletion of the concentrations of [(PMe 3 ) 2 Au 2 OH] + and [(PMe 3 ) 2 Au 2 Cl] + concomitant with the formation of the digold acetonyl complexes.
This experiment once more confirms that the ratio of the concentrations of [(PMe 3 ) 2 Au 2 (CH 2 COCH 3 )] + and [(PMe 3 ) 2 Au 2 (CD 2 COCD 3 )] + depends on the water content in solution (the dashed lines in Fig. 3 are the interpolations of the ratios of the experimental points). It also shows that the rate of the conversion of [(PMe 3 ) 2 Au 2 OH] + and [(PMe 3 ) 2 Au 2 Cl] + to digold acetonyl complexes increases with the increasing content of water.
We did not detect such strong mutual signal dependencies in the range of the monoaurated complexes. The exception was the growing intensity of the [(PMe 3 ) 2 Au] + signal that is a signature of the catalyst degradation with time ( Fig. S28 in the ESI †). The monoaurated complexes [(PMe 3 )Au(CH 3 COCH 3 )] + and [(PMe 3 )Au(CD 3 COCD 3 )] + are initially formed in the 1 : 1 ratio as expected for complexes with solvent molecules that are in a fast equilibrium. This ratio, however, increased with time in favour of the unlabelled complex and this trend is much more apparent in the experiments with a large water content in solution ( Fig. 4) .
Next For quantitative evaluation, we normalized the signals corresponding to the complexes of trimethylphosphino gold with unlabelled and labelled acetone to their sum and plotted their mutual evolution (Fig. 4) . We can see that the signal of [(PMe 3 )Au(CD 2 COCD 3 )]H + grows with time. The comparison of the experiments with different contents of H 2 O in solution reveals that with a larger content of water, more of the neutral gold-acetonyl complex is formed (see the violet signal evolutions in Fig. 4 ). Under the assumption that the gold complexes with intact molecules of acetone are formed in the 1 : 1 ratio during the whole experiment, we can extract a signal that corresponds to [(PMe 3 )Au(CH 2 COCH 3 )]H + (see the red line in Fig. 4 labelled as the extracted signal) . The KIE for the experiment with 41% water content is about 3.
We have repeated the same experiments with D 2 O instead of H 2 O in order to see whether the water molecules as such get involved in the deprotonation of acetone. The time evolution of the diaurated signals as well as the monoaurated signals stayed the same within the experimental error ( Fig. S32 and S33 in the ESI †). Hence, we conclude that water molecules are not directly involved in the formation of the digold acetonyl complexes, neither in the formation of the monogold acetonyl complexes.
Next, we repeated the same experiments with the [(IPr)AuBF 4 ] catalyst. The experiments are analogous, but we used dioxane instead of THF for the preparation of the gold complex solutions. The results are evaluated precisely in the same way as above. The time evolution of the formation of the digold acetonyl complexes is rather similar to that obtained with the phosphine ligand ( Fig. S34 in the ESI †) and will not be discussed further. The time evolution in the range of monogold complexes with acetone again reveals the formation of neutral gold acetonyl complexes (Fig. 5 ). The evaluation of the signals shows that more of the cationic gold is transformed to these neutral complexes than we found in the experiment with the trimethylphosphino gold catalyst. Repetition of the experiments with D 2 O confirmed that there is no effect and molecules of water are not directly involved in the formation of the gold acetonyl complexes (Fig. S35 in the ESI †).
Stability of [(L) 2 Au 2 (CH 2 COCH 3 )] +
Finally, we have probed the reversibility of the gold acetonyl complex formation by preparing a solution of [(PMe 3 )AuSbF 6 ] in THF, acetone and 33% water, let it react overnight and then adding D 6 -labeled acetone (or vice versa). In the experiment with overnight activation of CH 3 COCH 3 in the presence of D 2 O, we can see a significant amount of the [(PMe 3 )Au (CH 2 COCH 3 )]D + complexes (m/z 332, see Fig. 6a ). We can exclude that the signal would be due to an H/D scrambling between acetone and D 2 O by examining the signals of other complexes with acetone (see Fig. 6a ). We note in passing that the signal at m/z 224 and 226 corresponds to silver complexes with the product of the aldol reaction -CH 3 -C(CH 3 )(OD)-CH 2 -(CO-CH 3 ). This is clear because there is almost no H/D-scrambling in complexes with only one molecule of acetone (e.g. [Ag(CH 3 COCH 3 )(THF)] + ).
In the experiment with overnight activation of CD 3 COCD 3 in the presence of H 2 O we detect [(PMe 3 )Au(CD 2 COCD 3 )]H + (m/z 336, see Fig. 6b ). In both experiments shown in Fig. 6 , the ratio between the gold complexes of CH 3 COCH 3 (m/z 331) and CD 3 COCD 3 (m/z 337) right at the beginning of the experiment is close to 1. It perfectly reflects the relative concentration of CH 3 COCH 3 and CD 3 COCD 3 in solution and indicates that these signals are only due to the gold complexes with intact solvent molecules. On the other hand, [(PMe 3 )Au(CH 2 COCH 3 )] D + (in Fig. 6a ) and [(PMe 3 )Au(CD 2 COCD 3 )]H + (in Fig. 6b ) are formed by protonation of neutral gold acetonyl complexes formed overnight.
The same experiments with the [(IPr)AuBF 4 ] complex led to analogous results. The spectra again showed a large build-up of the neutral gold-acetonyl complexes in an overnight experiment (see Fig. 7 ). All spectra of the reaction mixtures in which the gold acetonyl complexes were formed overnight reveal only small intensities of digold hydroxide and digold chloride complexes ( Fig. S36-S43 †) . It can be assumed that most of the gold cations are incorporated into the gold acetonyl complexes. Also, the relative abundances of the other than gold (0.4 ml) . The black spectra were collected during the first 5 minutes and the gray spectra were collected during 55-60 minutes after the addition of (a) CD 3 COCD 3 or (b) CH 3 COCH 3 to the reaction mixture.
acetonyl complexes do not change significantly during these experiments ( Fig. S36-S43 †) .
Next we plotted the time evolution of the relative ESI-MS signal intensities of the unlabelled and labelled digold acetonyl and monogold acetonyl complexes. The latter is possible by using the same strategy as we applied in the experiments shown in Fig. 4 and 5 . The advantage of the mutual evaluation of the signals corresponding to the very same ions differing only in the isotopic labelling is that it is quantitative and directly corresponds to their relative concentrations in solution. Hence, it allows us to study the kinetics of the evolution of their concentrations. Note that the time evolutions of the signals of the unlabelled and labelled complexes are mirror images because they are evaluated with respect to each other. Therefore, we show only the unlabelled signals in Fig. 8 .
We will discuss the experiments, where the deuterated gold acetonyl complexes were formed in the overnight experiment and then let to react with unlabelled acetone (Fig. 8 ; the opposite variant is a much slower reaction). The black points show the formation of [(L) 2 Au 2 (CH 2 COCH 3 )] + (L = PMe 3 in Fig. 8a and IPr in Fig. 8b ) in the solution containing H 2 O, whereas the red points refer to the same experiment but in the presence of D 2 O. Clearly, H 2 O in the solution makes the reaction faster than D 2 O.
We know from the previous experiments that the equilibrium KIE is around 3.5 for L = PMe 3 and around 5 for L = IPr (see Table 1 , 50% water content). Here, after about one hour of the experiment in the presence of H 2 O we achieve a ratio of only slightly higher than 1 for L = PMe 3 and we stay below 1 for L = IPr. The reaction is even slower in the presence of D 2 O. We can thus conclude that the formation of the digold acetonyl complexes is reversible, but the reaction is very slow. The mechanism most probably involves the protodeauration of (0.7 ml) . The black spectra were collected during the first 5 minutes and the gray spectra were collected during 55-60 minutes after the addition of (a) CD 3 COCD 3 or (b) CH 3 COCH 3 to the reaction mixture. the gold acetonyl complexes, therefore there is a significant effect of H 2 O vs. D 2 O. Finally, we extracted the evolution of the concentrations of monogold complexes [(L)Au(CH 2 COCH 3 )] and [(L)Au(CD 2 COCD 3 )] in D 2 O with respect to each other (blue curves in Fig. 8 ; the extraction procedure was the same as described for Fig. 4 and 5) . The results show that the rate of the equilibration of the monogold acetonyl complexes is similar to that of the digold acetonyl complexes. The better signal-to-noise ratio of the results obtained with the IPr ligand allows us to conclude that the equilibration of the monogold acetonyl complexes is somewhat slower than the digold acetonyl complexes.
Discussion
Thermochemistry
Our results clearly show that gold complexes with non-coordinating counter ions react in aqueous solutions as bases and convert acetone to gold(I) acetonyl complexes. The key question is why they can act as a base. To answer this question, we calculated the reaction enthalpies of equilibrium reactions in which the gold catalyst and water can take part. The calculations were performed in water or THF (using the continuum solvation model) and hydroxonium cations were treated as dimers (H 5 O 2 + ) in order to at least partially account for the stabilization by explicit interactions with other solvent molecules in the solution.
The reaction between [(PMe 3 )Au(H 2 O)] + and a water molecule to form neutral [(PMe 3 )Au(OH)] and the hydroxonium ion is highly endothermic (79 kJ mol −1 in water and 119 kJ mol −1 in THF, Scheme 2). The subsequent interaction with another cation [(PMe 3 )Au(H 2 O)] + to form [(PMe 3 ) 2 Au 2 (OH)] + is exothermic by 54 kJ mol −1 in water and 82 kJ mol −1 in THF. The overall reaction is thus endothermic by 25 kJ mol −1 in water and 37 kJ mol −1 in THF.
Our computational treatment of the hydroxonium cation is probably not sufficient and further stabilization by interactions with more molecules of water is expected. 36 If we assume that the hydroxonium ion can be further stabilized by interactions with more basic molecules present in the solution (such as acetone or anions) it makes the overall energy balance as about thermoneutral. We can thus conclude that the stabilization of the hydroxide anion by interaction with two gold cations drives the formation of a base in solution. Furthermore, more polar solvents (here water) will shift the reaction more towards the formation of digold hydroxide than less polar solvents. This is mainly because of the stabilization of the hydroxonium ions.
The next step is the reaction of gold hydroxides with acetone. Both monogold hydroxide and digold hydroxide react exothermically with acetone in water to yield the acetonyl complexes. The less polar solvent THF makes the reaction to form digold acetonyl less favoured and we found it to be thermoneutral. These results are in agreement with the findings that a lower content of water led to a smaller conversion of digold hydroxide to digold acetonyl (see Fig. 3 ). Scheme 3 once more demonstrates that the formation of digold complexes is thermodynamically favoured and should largely prevail in solution.
Finally, we address a possible scenario of the decomposition of the gold acetonyl complexes. Similar to the digold hydroxide complexes, the transmetalation of one gold cation to another solvent molecule is endothermic (entries 1 and 2 in Scheme 4). Possible degradation can thus proceed only via protodeauration as the experiments suggested. The protodeauration of the digold acetonyl complex with hydroxonium ions in water is only 22 kJ mol −1 exothermic. This value is again probably overestimated by the treatment of the hydroxonium ion. Moreover, the reaction represents the interaction between two positively charged ions. This explains why the reaction is so slow and why we see in the experiment only a very slow equilibration between the digold acetonyl complexes once all gold cations are incorporated into the gold acetonyl complexes. The protodeauration of monogold acetonyl complexes is much more exothermic (entry 4 in Scheme 4) and will not be hindered by the cation-cation interaction. The half-life of the monoaurated acetonyl complexes should be therefore much shorter.
The results obtained in THF again suggest that the gold acetonyl complexes will be less stable in less polar solvents. As mentioned above, this is mainly due to the smaller stabilization of the hydroxonium ions. We can speculate that the addition of another base (that would bind the released protons) can change the results and the preference for the formation and stability of digold acetonyl complexes can be even larger in less polar solvents, because of the larger stabilization of the digold complexes with respect to the monogold complexes (see Scheme 3) .
The experiments suggest that the equilibration of the monogold acetonyl complexes is somewhat slower than that of the digold acetonyl complexes. It cannot be caused by a larger stability of the monogold complexes (because the opposite is true). If the formation of the digold acetonyl complexes proceeds via the monogold acetonyl complexes then the monogold complexes would be formed either faster or with the same rate as the digold complexes. This is again opposed to the experimental results. Hence, the only explanation for the observed results is that primarily the digold acetonyl complexes are formed and they only slowly decompose into the monogold acetonyl complexes.
Mechanism of the C-H activation reaction
The remaining question is how the digold hydroxide complex activates the C-H bond of acetone and is transformed into the digold acetonyl complex. DFT calculations suggest that the gold-gold interaction plays an essential role in this transformation ( Fig. 9 ). The initial complex between digold hydroxide Scheme 4 Degradation of the gold acetonyl complexes. Fig. 9 DFT potential energy surface for the C-H activation of acetone within the complex [(PMe 3 ) 2 Au 2 (OH)(CH 3 COCH 3 )] + . The ball and stick models correspond to the optimized structures; the hydrogen atoms at the PMe 3 ligands were removed for the clarity. The full optimization of the transition structure TSC/D was not successful, because it is a very shallow stationary point. Method: M06-D3/6-311+G*(Au:SDD), SMD approximation for the solvation by water (XYZ coordinates of all structures can be found in Table S1 in the ESI †). Fig. 9 ). 37, 38 The relative energy of B is only 7 kJ mol −1 higher than the initial complex A. The proton transfer occurs within the dimeric complex (TSB/C) and leads to another dimer composed of the [(PMe 3 ) Au(H 2 O)] + and [(PMe 3 )Au(CH 2 C(O)CH 3 )] units. This step is endothermic (46 kJ mol −1 ), because it contains energetically disfavoured gold enolate. The final step is a simple slip of the gold atom to the methylene group (TSC/D) which leads to the formation of a complex between digold acetonyl and water. The overall reaction is endothermic by 3 kJ mol −1 . As mentioned above, if isolated digold complexes are assumed as the starting and final points, then the reaction is exothermic by 9 kJ mol −1 .
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Kinetic isotope effect
A decrease of the kinetic isotope effect for the C-H activation of acetone with the increasing amount of water (Table 1) can be explained by the participation of another molecule of water in the proton transfer reaction. 39 This explanation is in agreement with the fact that the most significant drop of KIEs is observed for the trimethylphosphino gold complex. The small ligand does not sterically hinder the participation of other water molecules in the transition state. On the other hand, for the complexes with large ligands, the KIE drop is much smaller (see the results for the complexes with the PPh 3 ligand or IPr together with non-coordinating anion BF 4 − ). The small change of the kinetic isotope effect indicates that the reaction mechanism stayed probably the same and the C-H activation proceeds in a "hydrophobic pocket" formed by the large ligands. 40 
Conclusions
We have shown experimentally that a gold complex ([(L)AuX], L is a ligand, X is a counter ion) in a solution containing water can act as a strong base. It deprotonates acetone to form stable gold-acetonyl complexes. The reaction proceeds firstly via the formation of a digold hydroxide complex [(L) 2 Au 2 OH] + and this complex can deprotonate acetone and form the digold acetonyl complex [(L) 2 Au 2 (CH 2 COCH 3 )] + . We can also observe the formation of monogold acetonyl complexes [(L)Au(CH 2 COCH 3 )], but the kinetics of their formation suggests that they are formed from the primary digold acetonyl complexes. The conversion of digold hydroxide to digold acetonyl is larger, if the solution contains more water.
In order to evaluate the effects of ligands and counter ions in the reaction of gold complexes, we have measured the kinetic isotope effects of the C-H activation step. We showed that there is a negligible effect of counter ions with the exceptions of [(IPr)Au(OTf )] and [(IPr)Au(NTf 2 )] in a solution with a low content of water. Otherwise, counter ions are most prob-ably not involved in the C-H activation reaction. Ligands influence the reaction which is consistent with the scenario that the gold complex is directly present in the transition structure of the reaction.
DFT calculations suggest that the interaction of two gold cations with the anion is essential and makes the formation of digold hydroxide and digold acetonyl complexes thermodynamically feasible. They also show that the monogold acetonyl complexes are prone to protodeauration with hydroxonium (or other protonated ions) in solution, whereas the cationic digold acetonyl complexes should be much more stable. The suggested reaction mechanism of the C-H activation reaction involves a dimer of gold complexes bound via the gold-gold interaction.
Experimental
Preparation of [(L)AuX]
Solutions of [(L)AuCl] with AgX in THF or dioxane (only for L = IPr) were sonicated for 10 minutes. The AgCl precipitate was filtered off. The details of the reaction mixture preparations are in the figure captions and in the ESI. † We use a convention that lists v/v amount of water in the reaction mixture before it is "isotopically labelled" (e.g. before CD 3 COCD 3 is added with a time delay). We were looking at relative changes with increasing amount of water and slight variations in the preparations of the reaction mixtures did not influence the results.
ESI-MS experiments
The spectra were acquired with a triple quadrupole mass spectrometer TSQ 7000 or a linear ion trap instrument LTQ, both equipped with an electrospray ionization source. 41 Only a simple mode of the mass spectra acquisition was used here. The results are reproducible irrespective of the mass spectrometer used.
Ion spectroscopy
IRPD spectra measurements were conducted with the ISORI (Ion Spectroscopy Of Reaction Intermediates) instrument based on the TSQ 7000 platform. 42 The ionization and massselection is performed in the very same way as for the classical experiments with TSQ 7000. Mass-selected ions are then trapped with helium buffer gas in a wire quadrupole trap operating at 3 K. The ions relax in collisions with helium and attach a helium atom. Helium complexes are then used for the determination of the absorption of IR photons (from a Nd: YAG-pumped IR optical parametric oscillator/amplifier). The absorption leads to the helium detachment and therefore can be monitored as a mass change. The number of helium complexes with (N i ) and without (N i0 ) laser irradiation is counted using a Daly-type detector. The IRPD spectra are constructed as (1 − N i /N i0 ). More details can be found in ref. 43 and 44. 
